Abstract. The aim of the present study was to investigate the crosstalk between resveratrol (Res)-induced autophagy and apoptosis, and the molecular pathway by which autophagy leads to apoptotic death in drug-resistant K562/ADM leukemia cells. The viability of K562/ADM cells was determined using the MTT assay. The formation of autophagic vacuoles was detected using transmission electron microscopy and monodansylcadaverine (MDC) staining. Cell apoptosis was evaluated using flow cytometry. The expression of apoptosis-or autophagy-associated proteins was measured using western blotting. The results indicated that treatment with Res inhibited cell viability in a concentration-dependent manner. Furthermore, the numbers of MDC-positive fluorescent points, autophagic vacuoles and autolysosome-engulfed cytoplasmic materials were markedly increased in Res-treated K562/ADM cells compared with untreated cells, as determined using fluorescence microscopy and transmission electron microscopy. Res-induced apoptosis was associated with increased cleaved caspase-3 and B-cell lymphoma 2 associated X protein, and decreased B-cell lymphoma 2 (Bcl-2) protein expression levels when compared with the control (P<0.05). However, the proportion of apoptotic cells decreased from 69.6 to 41.0% (40 µmol/l Res) and from 77.3 to 58.8% (80 µmol/l Res) following pre-treatment with the autophagy inhibitor 3-methyladenine (P<0.01). The protein expression levels of microtubule-associated protein 1A/1B-light chain 3 and beclin 1, two markers of autophagy, were upregulated in Res-treated cells compared with the control (P<0.05). In addition, lysosomal cathepsin D (Cath D) release increased during Res-induced autophagy and apoptosis (P<0.05). The present results demonstrated that Res-induced apoptosis of K562/ADM cells was autophagy-dependent and the released Cath D may trigger caspase-dependent cell death through the Bcl-2 family of proteins. Furthermore, the present data indicate that to enhancement of the autophagy-cathepsin-apoptosis pathway may be an effective approach for overcoming anticancer drug resistance.
Introduction
Autophagy associated with drug resistance is a major obstacle in cancer chemotherapy (1, 2) . It has been reported that autophagy-deficient tumors are typically more sensitive to chemotherapeutic agents than are their autophagy-proficient counterparts (3) . In the previous study, it was discovered that human drug-resistant K562/ADM leukemia cells preferentially emerged with higher autophagy activity compared with the parental, sensitive K562 cells following starvation treatment (4) . However, autophagy is considered to have a dual role in tumor cell resistance, since previous research has shown conflicting roles for autophagy with regard to drug resistance in different cancer cell lines; specifically, autophagy either promotes or suppresses resistance via various mechanisms (5) (6) (7) .
Resveratrol (trans-3,4' ,5-trihydroxystilbene; Res), a natural polyphenolic compound, has been reported to have numerous beneficial effects, including anti-oxidant and anti-inflammatory activities, and an inhibitory effect on tumor growth (8, 9) . Yan et al (10) reported that Res not only induced leukemia cell apoptosis and erythroid differentiation, but also autophagy. A previous report has indicated that Res induces autophagy in different cancer cell lines via either a pro-survival or pro-death mechanism (11 have demonstrated that Res increases the sensitivity of malignancies, including melanoma, prostate and non-small lung cancer, to chemotherapy (12, 13) . Although Res is known to induce apoptosis and autophagy in different types of tumor cells, few studies have explored the effects of Res-induced autophagy and its association with apoptosis in drug-resistant leukemia cells. The molecular regulators interconnecting between autophagy and apoptosis, including B-cell lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax) and beclin 1, have been suggested to act as switching points that are critical for the outcome of tumor cells, and lysosomes have been reported to initiate the cell death pathway in autophagic cells (14) (15) (16) . It has been demonstrated that Res activates a lysosome-dependent cytotoxic pathway that results in caspase-dependent cell death in colorectal cancer cells (17) . Other results have shown that lysosomal cathepsin L mediates Res-induced autophagy and apoptotic cell death in cervical cancer cells (18) . However, few studies have investigated the interrelation of autophagy, apoptosis and drug resistance in leukemia. The molecular pathway by which autophagy leads to apoptosis in drug-resistant conditions was explored in the present study. Furthermore, the present study also examined the fate of K562/ADM cells during sustained Res exposure. To the best of our knowledge, the present findings are the first to show that autophagy-dependent apoptosis is mediated by lysosomal cathepsin D (Cath D).
Materials and methods
Reagents. Resveratrol (Res), MTT, dimethyl sulfoxide (DSMO), 3-methyladenine (3-MA), monodansylcadaverine (MDC), microtubule-associated protein 1A/1B-light chain 3 (LC3) antibody and RPMI-1640 were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Fetal bovine serum (FBS) was obtained from Sijiqing Biological Engineering Materials Co., Ltd. (Hangzhou, China). Antibodies against beclin 1, Bcl-2, p62, cleaved caspase-3 and Bax were obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Cell culture. K562/ADM ADM-resistant cell line was kindly provided by Dr Zhang Jiwang from Hematological laboratory, Ruijin Hospital Affiliated to the Shanghai Jiao Tong University School of Medicine (Shanghai, China). Cells were grown in RPMI-1640 medium supplemented with 10% (v/v) FBS, 2 mM glutamine, 100 U/ml penicillin and 100 U/ml streptomycin at 37˚C in a humidified atmosphere containing 5% CO 2 . K562/ADM cells were stimulated with 5 mg/l Adriamycin (ADM; Shenzhen Main Luck Pharmaceuticals, Inc., Shenzhen, China) every 45 days to maintain increased drug resistance and then experiments were performed after 2 weeks of culturing without ADM. Cells in the exponential phase were used in the experiments.
Cell viability assay. Cells were incubated with various concentrations of Res and were collected for determination of the half-maximal inhibitory concentrations (IC 50 ) of Res using an MTT assay. Briefly, K562/ADM cells were seeded at a density of 1x10 5 Western blotting. At the end of the treatment with Res at 0, 40, or 80 µmol/l for 24, 48 and 72 h, the cells were washed twice with PBS and lysed in ice-cold RIPA lysis buffer (Beijing Solarbio Science & Technology Co. Ltd., Beijing, China). Total protein concentration was determined using a BCA protein quantitative kit (cat no., P0010s; Beyotime Institute of Biotechnology, Haimen, China). Protein extracts (40 µg/lane) were separated by 10-12% SDS-PAGE and electrophoretically transferred onto polyacrylamide difluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked in 5% non-fat milk for 1 h at room temperature, followed by overnight incubation with primary antibodies at 4˚C. The primary antibodies used were as follows: Beclin 1 (cat. no. 3738), LC3 (cat. no. ABC929; EMD Millipore), Bcl-2 (cat. no. 2872), cleaved caspase-3 (cat. no. 9661), Bax (cat. no. 2774); p62 (cat. no. 5114), Cath D (cat. no. sc-10725; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) (all 1:1,000), P-gp (1:500; cat. no. BA1351-2; Boster Biological Technology, Wuhan, China) and β-actin (1:700; cat. no. sc-47778; Santa Cruz Biotechnology, Inc.). Subsequently, the membranes were washed three times for 5 min with PBS in Tween 20 and incubated again with horseradish peroxidase-conjugated goat anti-rabbit (cat. no. ZB-2301) or goat anti-mouse (cat. no. ZB-2305) antibodies (both 1:10,000; OriGene Technologies, Inc., Beijing, China) at 37˚C for 1 h. Protein bands were visualized using enhanced chemiluminescence reagents (EMD Millipore). Western blots were scanned using an Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA) and the bands were quantified using Image J software (version 1.45S; National Institutes of Health; Bethesda, MD, USA). β-actin was used as a reference protein.
Statistical analysis. Statistical analysis was performed using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). All the experiments were repeated at least three times. Data are presented as the mean ± standard deviation. One-way analysis of variance followed by Tukey's least significant difference post-hoc test was used to analyze statistical differences among groups under different conditions. P<0.05 was considered to indicate a statistically significant difference.
Results

Res induces autophagy in K562/ADM cells.
To determine whether Res induces autophagy in K562/ADM cells, autophagic bodies were investigated using transmission electron microscopy. Compared with the control group, a large number of autophagic vacuoles appeared in the cytoplasm when K562/ADM cells were treated with 40 or 80 µmol/l Res ( Fig. 1A-a) . Furthermore, the number of MDC-positive fluorescent points and the amount of engulfed cytoplasmic material in Res-treated cells was markedly greater compared with that in the control group, as observed under a fluorescence microscope (Fig. 1A-b) .
The expression of autophagic LC3 protein was determined using western blotting. There are two forms of LC3: LC3-I and LC3-II (3, 19) . During the process of autophagy, the cytoplasmic form, LC3-I, is converted into LC3-II, which is the form that is bound to the autophagosome membrane (3, 19) . The results revealed that, following treatment with 40 or 80 µmol/l Res, the relative ratio of LC3-II/β-actin increased in K562/ADM cells compared with the control (Fig. 1B) . This difference was indicated to be statistically significant (P<0.05; Fig. 1C ).
In addition to LC3, the expression level of p62 protein, which is another autophagy-specific biomarker was also explored (19, 20) . The p62 protein acts as a signaling hub through its involvement in the formation of autophagosomes and is degraded during autophagy (19, 20) . The results indicated that p62 protein expression levels were decreased by Res in a time-dependent manner, suggesting an increase in autophagic flux (Fig. 1D) . Furthermore, the difference between the Res-treated cells and the control was statistically significant (P<0.05; Fig. 1E ).
Inhibition of autophagy attenuates the Res-induced apoptosis of K562/ADM cells.
The effect of Res on the viability of K562/ADM cells was investigated. K562/ADM cells were treated with different concentrations of Res (0-160 µmol/l) for 24, 48 or 72 h, and cell viability was assessed by MTT assay. As shown in Fig. 2A , cell viability decreased in a time-and dose-dependent manner. The IC 50 of Res in K562/ADM cells at 48 h was calculated to be 57.7 µmol/l. These data indicate that Res reduced the survival of K562/ADM cells. In addition, the results revealed that cell viability was restored when cells were treated with 5 mmol/l 3-MA for 3 h prior to treatment with Res ( Fig. 2A) .
To determine the association between cell death and apoptosis, a flow cytometry experiment was conducted ( Fig. 2B and C) . The results revealed that the proportion of apoptotic cells increased following treatment with Res in a dose-dependent manner, which suggested that Res induced apoptosis in K562/ADM cells. However, following pre-treatment with 3-MA, the proportion of apoptotic cells was significantly decreased from 69.6 to 41.0% for 40 µmol/l Res treatment and from 77.3 to 58.8% for 80 µmol/l Res treatment (P<0.01; Fig. 2C ).
These data demonstrated that Res inhibited cell viability and that Res-induced apoptosis was reduced by 3-MA in K562/ADM cells. These results suggest that the Res-induced apoptosis of K562/ADM cells was autophagy-dependent.
Protein expression levels of Bax/Bcl-2 and beclin 1 increase during the Res-induced autophagy and apoptosis of K562/ADM cells. To further explore the mechanism by which Res induces apoptosis, the expression levels of cleaved caspase-3, Bcl-2, Bax, beclin 1 and Cath D proteins were determined using western blotting (Fig. 3) . Following treatment with 40 or 80 µmol/l Res for 24 and 48 h, the expression levels of cleaved caspase-3 increased in a dose-dependent manner in K562/ADM cells (Fig. 3A) . In addition, differences in the protein expression levels of cleaved caspase-3 between the control and Res-treated cells were statistically significant (P<0.05; Fig. 3B ). The data suggested that Res significantly induced apoptosis through the activation of caspase-3.
The Bcl-2 family is a crucial integrator of cellular survival and death signals (14, 16) . Bcl-2 is an anti-apoptotic protein that has the ability to inhibit autophagy and apoptosis through interactions with beclin 1 and Bax/Bak, respectively, which are mediated through their Bcl-2-homology-3-binding pockets (14, 16) . The western blotting results indicated that the expression levels of Bcl-2 were decreased by Res (Fig. 3A and C); this was accompanied by increased expression levels of Bax protein in a dose-dependent manner (Fig. 3A and D) . Statistically significant differences were detected in the protein expression levels of Bax and Bcl-2 in Res-treated cells compared with the control (P<0.05; Fig. 3C and D) . Therefore, the increased expression levels of Bax and decreased expression levels of Bcl-2 may be important in the apoptotic process in K562/ADM cells following treatment with Res.
Beclin 1, another hallmark of autophagosomes, is a well-known protein with respect to the formation of autophagic vesicles (1, 5) . Western blotting results in the present study demonstrated that the expression level of beclin 1 protein was increased by 1.19-to 1.33-fold following treatment with Res, further corroborating the hypothesis that autophagy is induced by Res treatment (Fig. 3A and E) . In addition, the differences in beclin 1 protein expression levels between the Res-treated cells and the control were statistically significant (P<0.05; Fig. 3E ). These results suggest that complex interactions of the anti-apoptotic Bcl-2 and pro-autophagic beclin 1 proteins co-regulate the ultimate fate of Res-induced K562/ADM cells with respect to apoptosis.
Cath D is activated during res-induced autophagy and apoptosis in K562/ADM cells.
Lysosomal proteases, also known as cathepsins, participate in the activation of the intrinsic programmed cell death pathway (17, 19) . Cath D, a major intracellular aspartic protease, is typically involved in apoptosis through its release from lysosomes (17, 19) . For this reason, whether Cath D is a possible mediator of Res-induced cytotoxicity was investigated in the present study. The western blotting results indicated that Cath D expression levels were increased by res in a time-and concentration-dependent manner, with an increase of ~3-fold in the 80 µmol/l Res-treated group at 72 h compared with the control group ( Fig. 3F and G) . Furthermore, the differences in Cath D protein expression levels between the Res-treated cells and the control were statistically significant (P<0.05; Fig. 3G ). This suggests that lysosomal Cath D may be involved in the process of Res-induced autophagy and the subsequent progression to apoptotic death in K562/ADM cells treated with Res.
Discussion
Res has been shown to induce cell death through various mechanisms in different cancer cell lines (2, 11, 12, 19) . Various antitumor effects of Res have been described previously, including the inhibition of DNA polymerase, protein kinase C, cyclooxygenase-2 or interleukin-6 activities, and the suppression of transcription factors such as nuclear factor-κB (4, 11, 12, 21, 22) . The present study revealed that Res increased autophagosome formation, decreased cell viability and induced apoptotic death in drug-resistant K562/ADM cells. It was hypothesize that the mediation of these effects by Res may involve the permeation of Res through the lysosomal membrane, resulting in the release of Cath D from lysosomes into the cytosol. In addition, the released Cath D may trigger caspase-dependent cell death through interaction with Bcl-2 and beclin 1 and the activation of Bax.
Yan et al (10) reported that Res inhibited the proliferation of K562 leukemia cells and induced apoptosis and autophagy, and demonstrated the contribution of Res-induced autophagy to erythroid differentiation in K562 cells. However, the present results indicated that autophagy preceded apoptosis in K562/ADM cells following Res treatment. To investigate the role of autophagy in Res-induced cell death, 3-MA, an autophagic inhibitor (4,15), was used to block autophagy and resulted in the marked attenuation of Res-induced apoptosis.
These data indicated that Res-induced apoptosis may be autophagy-dependent in K562/ADM cells.
In the present study, autophagic responses increased significantly following Res treatment for 24 h in K562/ADM cells. As observed under a transmission electron microscope, a large number of autophagic bodies appeared in K562/ADM cells following Res treatment. This finding was further supported by evaluation of the expression levels of LC3 using western blotting. LC3 is considered to be a specific marker of autophagic activity (3, 19) . The LC3-II/β-actin ratio was significantly increased in K562/ADM cells treated with 40 or 80 µmol/l Res for 24 or 48 h. Previous studies have indicated that the LC3-II turnover assay is suitable for monitoring autophagic flux in the presence of a lysosomal inhibitor (23, 24) . To distinguish whether autophagosome accumulation was due to enhanced autophagic activity or reduced autophagosome degradation, the protein expression levels of p62 were determined in the present study. p62, an autophagy-related protein, is involved in the formation of autophagosomes and degraded through autophagy (19, 20) . The present results showed that the protein expression level of p62 was significantly decreased in Res-treated cells compared with the control. These data therefore indicated that Res induced a high level of LC3-II protein by the induction of autophagic activity rather than by blocking autophagosome degradation in K562/ADM cells.
Beclin 1 is required for the initiation stage in the formation of the autophagosome (1, 5) . In the present study, an increase in beclin1 protein expression levels was observed in Res-treated cells compared with the control, suggesting an enhanced induction of autophagy. Beclin 1 was originally identified as a Bcl-2-interacting protein. Previous studies have demonstrated that beclin 1 and Bcl-2 interact in a multiprotein complex on the membrane of the endoplasmic reticulum; this observation in turn suggests a mechanism by which these proteins assist in mediating the intricate relationship between apoptosis and autophagy (1, 16) . It is known that beclin 1 generates a pro-apoptotic protein fragment and also interacts with the anti-apoptotic Bcl-2 family protein to inhibit autophagy and initiate mitochondrial apoptosis (22) . Prabhu et al (25) reported that the silencing of key regulators of autophagy, such as beclin 1 and autophagy protein (ATG)5, significantly enhanced Res-induced caspase activation. In the present study, western blotting results revealed that Res significantly increased the expression levels of Bax and decreased those of Bcl-2. The interaction of beclin 1 with Bcl-2 in the cytosolic compartment may increase efficient Bax translocation to mitochondria, leading to permeabilization of the mitochondrial membrane, cytochrome c release and activation of a caspase cascade, and finally, initiation of caspase-dependent cell death (2, 10, 11) .
Lysosomes contain numerous hydrolases, which degrade intracellular and extracellular delivered materials, and have been implicated in the regulation of cell death (17, 19) . Various stimuli may induce lysosomal membrane permeabilization, thereby releasing a class of hydrolytic enzymes, the cathepsins, from the lysosomal compartment into the cytosol, which contributes to apoptosis (17, 18) . Cath D has been suggested to be a key regulator of apoptosis via its catalytic activity, and there is also evidence to support the hypothesis that cathepsins act in concert with caspases in apoptotic cell death (17) . However, little is known regarding the mechanism by which Cath D mediates the cytotoxic agent-induced autophagic death of resistant leukemia cells. In the present study, a significantly higher protein expression level of Cath D was observed during the autophagy and apoptosis of Res-induced K562/ADM cells, and this indicated that Cath D may have a key role in Res-induced autophagy-dependent apoptotic death in these cells. Trincheri et al (17) considered Bax to be the probable target of Cath D in Res-mediated cytotoxicity. Furthermore, Yelamanchili et al (26) observed that the upregulation of Cath D correlated with cellular damage leading to typical caspase-dependent activation of apoptosis. The present study data revealed that cleaved caspase-3 and Cath D protein expression levels were significantly increased following Res treatment and, therefore, may be involved in mediating the apoptotic effect of Res in K562/ADM cells. Specifically, the death pathway may be initiated by the promotion of lysosomal membrane permeabilization and release of lysosomal Cath D to the cytosol to trigger the activation of Bax and the selective mitochondrial release of apoptosis-inducing factors, eventually resulting in activation of the caspase proteolytic cascade and apoptosis (17, 19, 24) .
Autophagy has a cytoprotective function under stress conditions, such as during cytotoxic drug administration, and may result in increased drug resistance (1) . It has been reported that autophagy increases the resistance of colorectal cancer stem-like cells to photodynamic therapy-induced apoptosis (1, 27, 28) . Similarly, cisplatin-activated autophagy, involving the activation of ATG7, has been indicated to increase liver cancer cell resistance to cisplatin (29) . Eum et al (1) suggested that the inhibition of autophagy may resensitize resistant tumor cells to anticancer therapy. Previous observations by our group highlighted the elevation of autophagic activity in drug-resistant K562/ADM cells (15) . These findings suggest that cancer cells may activate the autophagic process to fight against cytotoxin-induced cell injury by recycling damaged organelles and proteins, resulting in drug resistance. However, under sustained exposure to cytotoxic agents, autophagic machinery could be recruited to trigger both caspase-dependent and -independent lethal pathways (17, 19) . In addition, P-glycoprotein serves a significant role in causing multidrug resistance (30) . The expression of P-glycoprotein was also examined, but its expression did not change, indicating that it did not participate in the autophagy cell death induced by resveratrol (data not shown). Therefore, it was hypothesize that ongoing exposure to Res drives the autophagic K562/ADM cells to a higher degree of autophagy and activates Bax, a downstream effector of Cath D (17, 19, 26) . The activation of Bax promotes lysosomal membrane permeabilization with release of Cath D from lysosomes (17, 18) . In turn, Cath D contributes to apoptosis through the clearance of dying cells, activation of Bax and subsequent amplification of apoptotic signaling.
In summary, the present study revealed that Res promoted autophagy in leukemia-drug-resistant K562/ADM cells and that this enhanced autophagy was involved in the Res-induced apoptosis of K562/ADM cells, with apoptosis occurring via a series of events that potentially involves the interaction between Bcl-2 and beclin 1, the activation of Bax and the release of lysosomal Cath D. Res cytotoxicity was associated with the up-regulation of Cath D expression, suggesting that Cath D may be the key to triggering Res-induced cell death (17) . Based on the present data, it was hypothesize that K562/ADM cells increase their autophagic activity to counteract cytotoxin-induced cellular injury and sustain drug resistance under physiological conditions. However, with ongoing exposure to Res or other anticarcinogens, the drug-resistant cells are forced to maintain high levels of autophagy for a long period of time, resulting in injury to the cells due to the activation of a Bcl-2/beclin1-Cath D/Bax loop. This loop may promote a series of changes: Lysosome permeabilization and the release of Cath D, Bax-mediated mitochondrial permeabilization with cytochrome c release, activation of the caspase cascade and apoptosis. Therefore, manipulating the balance of autophagy and apoptosis via activation of the Cath D-Bax loop may have great therapeutic potential for overcoming drug resistance in leukemia.
